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Earth-based GW interferometers (frequency band: 10� 104 Hz)

Laser

ar
m

 c
av

it
y

arm cavity

da
rk

 p
or

t
bea

m
sp

lit
ter

mirror

mirror

hrms =
p

Sn(f)�f =

�L
L

; hn �
p

Sn(f)

Sn ! noise power per unit frequency, �f ! bandwidth

L! arm-cavity length (4 Km)

LIGO-I/Virgo at f � 100 Hz: �L � 10�18m

F � 10�11Newton

LIGO-II at f � 100 Hz: �L � 10�19m

F � 10�12Newton

Over the next decade planned program of upgrades and technology development

Cosmo02, International Workshop on Particle Physics and the Early Universe, Chicago 3
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Sensitivity in time of 2Km-LIGO in Hanford

19-Aug-02 LSC Meeting 17
LIGO-G020348-00-M

Cosmo02, International Workshop on Particle Physics and the Early Universe, Chicago 5
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Phenomenological bounds

�

R
h20
GW(f) d log f �

5:6� 10�6 (N� � 3)

� h20
GW(f) � 7� 10�11
�

H0
f

�2

H0 � f � 10�16 Hz

� h20
GW(f�) � 10�8

f
�

= 4:4� 10�9 Hz
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Typical temperatures probe by GWs produced by causal mechanisms
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Stochastic GW background from standard ination

In standard inationary models Hubble parameter almost constant

� 2�f
�

H�1
�

� 1) abrupt transition

) production of particles out of vacuum

� 2�f
�

H�1
�

� 1) adiabatic transition

) no production of particles

h20
GW(f) � fnT jnT j � 1

cuto� frequency fmax
�

� H�=2�

Ination: H�1 ' const:

RD: H�1 / a2

MD: H�1 / a3=2

t 
*

a

H 
−1

λ
phys

= a

λ
phys

= a

λ
phys

1 = a

2

min

λ 2

λ 1

λ minH 
−1

*

MD 

RD

Cosmo02, International Workshop on Particle Physics and the Early Universe, Chicago 10
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Example: Slow-roll ination

nT = �mPl

8�

�
V

0
�

V�
�2

S � 5hjaS2mj
2
i

4�

T � 5hjaT2mj
2
i

4�

= 0:61
�

V�

m

4
Pl

�

nT = �1
7
T

S

dnT

d log k

= �nT
�

V

0
�

V�
�
0

[Turner 97]
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Sensitivity enhanced by correlating earth-based detectors
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Post-LISA mission?

To avoid the galactic-binary noise

the \knee" should be around 0:1 Hz

But extragalactic-binary noise

should be subtracted too

[Ungarelli & Vecchio 00,01; Bender & Hogan 01]

[Seto, Kawamura & Nakamura 01]

Big Bang Observatory (?)

[Folkner & Phinney]

BBO Single

BBO Corr

LISA

[Courtesy of S Phinney]

Cosmo02, International Workshop on Particle Physics and the Early Universe, Chicago 12
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Imprints of relic gravitational waves on CMB

S � 5hjaS2mj
2
i

4�

T � 5hjaT2mj
2
i

4�

= 0:61
�

V�

m

4
Pl

�

Temperature map can measure

T=S >�0:1 but not less

�Measuring polarization of CMB

[Kamionkowski, Kosowsky & Stebbins 97; Seljak & Zaldarriaga 97; Kamionkowski & Kosowsky 98]

� Only tensor uctuations contribute to the curl

� Contamination due to weak gravitational lensing of CMB along the line of sight

[Knox & Song 02; Kesden, Cooray & Kamionkowski 02]

�Minimum detectable ination-energy V
1=4

� > 10
15 GeV with s = 1�K
p

sec

[CMB detectors beyond Planck]
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Stochastic GW background from string-theory{ inspired models

In some string-inspired inationary models, such as pre-big bang

[Gasperini & Veneziano 93] and ekpyrotic scenarios [Khoury et al. 00] Hubble

parameter grows toward the would-be big bang singularity

GW spectrum is blue at low

frequency ) no contribution to CMB

h20
GW(f) � fn

cuto� frequency fmax
�

� H�=2� � Hs=2�

Warnings:

� So far, those models did not provide a description of the transition

� GW spectrum could be a�ected by details of transition

�������
�������
�������
�������
�������
�������
�������
�������
�������
�������
�������

�������
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�������
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String-inspired models
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  f3  

  f3  
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    models
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In non-minimal models the

spectrum at high frequency

can also be red

[Gasperini & Veneziano 02]
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Stochastic GW background from non standard cosmological phases

In some models the inationary era is not followed immediately by the

radiation era but rather by an expanding phase whose equation of state

is sti�er than radiation [Grishchuk 75]

sti� era: H�1 / a3

GW spectrum at high frequency

can be blue

h20
GW(f) � f

cuto� frequency fmax
�

� H�=2�

� Quintessential ination [Peebles & Vilenkin 98; Giovannini 99]

� Brane world ination [Sahni, Sami & Souradeep 99]

t 
*

a

H 
−1

λ
phys

= a

λ
phys

= a

λ
phys

1 = a

2

min

λ 2

λ 1

λ min

Cosmo02, International Workshop on Particle Physics and the Early Universe, Chicago 16



Alessandra Buonanno September 18, 2002

\Spikes" in the GW spectrum

Reheating occurs through

ampli�cation of quantum

vacuum uctuations

[Giovannini 99; Babusci & Giovannini 99] 10
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??

f
facility limit

Electromagnetic detectors in MHz or GHz region?

Cosmo02, International Workshop on Particle Physics and the Early Universe, Chicago 17



Alessandra Buonanno September 18, 2002

Gravitational waves from �rst-order phase transitions

(φ,Τ)V

φ

Τ∗

Via quantum tunnelling true vacuum bubbles nucleates

When bubbles collide ) emission of gravitational waves

� ! bubble nucleation rate per unit volume

�! jump in energy density experienced by order parameter

EW phase transition: T
�

' 100GeV and �=H
�

' 102{103

) fpeak ' 10�4{5� 10�3Hz

Intensity of GW spectrum: h20
GW ' 10�6 (H
�

=�)2 f(�; v)

� In SM there is no �rst-order EW phase transition for Higgs mass larger then Mw

� In MSSM, for certain values of Higgs mass, there are possibilities but h20
GW

<
� 10�16

[Kosowsky & Turner 94; Kosowsky, Turner & Kamionkowski 94]

� In NMSSM: h20
GW � 10�15{10�10 with fpeak ' 10mHz

[Apreda, Maggiore, Nicolis & Riotto 01]

Cosmo02, International Workshop on Particle Physics and the Early Universe, Chicago 18
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\Burst" of GWs from the early Universe

� GWs from bubble collision in extended ination

h20
GW � 10�5

at f � 102
�

TRH

1010 GeV
�

[Turner & Wilczek 90]

� GWs from cosmological turbulence

[Kosowsky et al.; Apreda et al. 01]

� GWs produced after preheating

V (�) � �2 �2:

h20
GW � 10�12 at f � 105Hz

V (�) � ��4:

h20
GW � 10�11 at f � 104Hz

[Khlebnikov & Thachev 97]
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Gravitational waves from cosmic strings

Topological defects formed at phase transitions

� They have large tension �, they oscillate relativistically and emit GWs [Vilenkin 81]

� Scaling property characterizes the dynamics of string network) stochastic background

of GWs extends on very large frequency band and almost at (in LISA/LIGO band)

h20
GW � 10
�8{10�7

at 10�4Hz � f � 10
3
Hz

Loop radiates with power P � �G�2

h20
GW � P=�c � �G2 �2

(G�)GUT � 10�6 and � � 50

G� constrained by msec pulsar timing

[Caldwell, Battye & Shellard 96] [from B Allen 96]

log
10
(f/Hz)
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GWs bursts from cosmic strings for LISA
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